Background-The extent of the peri-infarct zone by magnetic resonance imaging (MRI) has been related to all-cause mortality in patients with coronary artery disease. This relationship may result from arrhythmogenesis in the infarct border. However, the relationship between tissue heterogeneity in the infarct periphery and arrhythmic substrate has not been investigated. In the present study, we quantify myocardial infarct heterogeneity by contrast-enhanced MRI and relate it to an electrophysiological marker of arrhythmic substrate in patients with left ventricular (LV) systolic dysfunction undergoing prophylactic implantable cardioverter defibrillator placement. Methods and Results-Before implantable cardioverter defibrillator implantation for primary prevention of sudden cardiac death, 47 patients underwent cine and contrast-enhanced MRI to measure LV function, volumes, mass, and infarct size. A method for quantifying the heterogeneous infarct periphery and the denser infarct core is described. MRI indices were related to inducibility of sustained monomorphic ventricular tachycardia during electrophysiological or device testing. For the noninducible versus inducible patients, LV ejection fraction (30Ϯ10% versus 29Ϯ7%, Pϭ0.79), LV end-diastolic volume (220Ϯ70 versus 228Ϯ57 mL, Pϭ0.68), and infarct size by standard contrast-enhanced MRI definitions (PϭNS) were similar. Quantification of tissue heterogeneity at the infarct periphery was strongly associated with inducibility for monomorphic ventricular tachycardia (noninducible versus inducible: 13Ϯ9 versus 19Ϯ8 g, Pϭ0.015) and was the single significant factor in a stepwise logistic regression. Conclusions-Tissue heterogeneity is present and quantifiable within human infarcts. More extensive tissue heterogeneity correlates with increased ventricular irritability by programmed electrical stimulation. These findings support the hypothesis that anatomic tissue heterogeneity increases susceptibility to ventricular arrhythmias in patients with prior myocardial infarction and LV dysfunction.
W e developed and reported a method to evaluate tissue heterogeneity in the infarct periphery by contrastenhanced MRI (ceMRI). 1 Recent work based on our methodology describes an association between the extent of the peri-infarct zone by ceMRI and all-cause mortality in patients with coronary artery disease, 2 highlighting the potential clinical significance of tissue heterogeneity within an infarct. A mechanism explaining the adverse prognosis was postulated to involve arrhythmogenesis in the peri-infarct region. 2 The present work provides support for this premise. We
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aimed to relate the extent of tissue heterogeneity in the infarct border with susceptibility for cardiac arrhythmias. The underlying hypothesis posits that tissue heterogeneity increases susceptibility to ventricular arrhythmia and that such heterogeneity can be indexed by ceMRI. In the present study, we chose a high-risk population, namely, patients with prior myocardial infarction (MI) and left ventricular (LV) dysfunction referred for implantable car-dioverter defibrillator (ICD) device placement for primary prevention of sudden cardiac death.
Although numerous approaches directed at risk stratification in this patient population have explored the triggers for lethal arrhythmias and the electrophysiology of the myocardial substrate, 3, 4 few have assessed the detailed structure of the ventricular myocardium as a marker of risk. The presence of infarcted tissue or scar forms the substrate for malignant reentrant arrhythmias, 3, 5, 6 and ceMRI can, in principle, detect such a substrate by its ability to delineate necrotic myocardium at all stages of infarct healing. [7] [8] [9] [10] [11] Previous approaches to interpreting and analyzing ceMRI images treat the infarcted region as a uniform tissue bed that does not explicitly account for inhomogeneity. Infarcts can have marked spatial heterogeneity, with areas of necrosis interspersed with bundles of viable myocytes, particularly in the border zones and periphery of the infarct. [12] [13] [14] Tissue heterogeneity in these regions may create areas of slow conduction that generate the substrate for the development of lethal reentrant arrhythmias. 14 -16 In the present study, we examine the utility of ceMRI in identifying patients with increased vulnerability to ventricular arrhythmias. Using ceMRI, we relate a marker of myocardial infarct heterogeneity, based on the quantitative characterization of the infarct periphery, to an electrophysiological marker of the arrhythmic substrate.
Methods

Patients
Forty-seven patients referred for ICD placement for primary prevention of sudden cardiac death were prospectively enrolled between August 2003 and August 2005. The target population was patients with known history of coronary artery disease and prior MI Ͼ1 month previously, LV ejection fraction Յ0.35, and no other indications for ICD placement (eg, syncope, cardiac arrest, and sustained ventricular arrhythmias). Exclusions were based on those of the Multicenter Automatic Defibrillator Implantation Trial (MADIT) I 17 and MADIT II. 18 The study protocol was approved by the Johns Hopkins Hospital Institutional Review Board, and all patients gave written informed consent.
MRI Protocol
Patients underwent ceMRI with a 1.5-T scanner (Signa CV/i, GE Healthcare Technologies, Waukesha, Wis), with a 4-element cardiac phased-array receiver coil placed anteriorly and posteriorly on the chest. Ten to 14 contiguous short-axis slices were prescribed to cover the entire LV. Cine images were acquired with a steady state free precession pulse sequence: repetition time (TR) 3.8 ms, echo time 1.6 ms, average in-plane resolution 1.5ϫ2.4 mm, flip angle ␣ϭ45°, 8-mm slice thickness, 2-mm gap, and temporal resolution 40 ms. Late gadolinium-enhanced images were acquired 15 to 30 minutes after a total injection of 0.2 mmol/kg gadodiamide (Omniscan, GE Healthcare Technologies) with an inversion recovery fast gradientecho pulse sequence 9, 19 in the same short-axis locations as the cine images. Imaging parameters 20 were as follows: TR 5.4 ms, echo time 1.3 ms, average in-plane spatial resolution 1.5ϫ2.4 mm, 8-mm slice thickness, 2-mm gap, inversion time (TI) 175 to 250 ms (adjusted to null the signal of normal myocardium), 2 excitations, 1 R-R interval imaging, flip angle 20°, 350-ms time delay after the R wave, and 24 views per segment. These parameters yielded an image acquisition window of 130 ms. In 20 successive patients, a subset of late gadolinium-enhanced short-axis slices (average of 2 per patient) was reimaged 10 minutes later to evaluate whether assessment of infarct heterogeneity varied with time from contrast bolus.
In a subset of patients with optimal first-pass perfusion image quality (nϭ8), wash-in contrast characteristics within the different regions were assessed by signal-intensity (SI) analysis of first-pass perfusion during the first few minutes after an initial 0.1-mmol/kg contrast bolus, before late gadolinium enhancement. The sequence used was an ECG-gated saturation recovery interleaved gradientecho echo-planar sequence 21 : TRϭ7.2 ms; echo timeϭ1.6 ms, flip angle 20°, field of view 36 to 40 cm, average in-plane spatial resolution 2.8ϫ3.4 mm, 8-mm slice thickness, 2-mm gap, and 6 to 8 slices acquired every other R-R interval. Slice locations were matched as closely as possible to those obtained for the cine and late gadolinium-enhanced sequences.
Electrophysiological Evaluation
Patients underwent programmed ventricular stimulation in an electrophysiological study (nϭ12 [26%]) or through the ICD (nϭ35 [74%]) at the time of implantation, 4Ϯ7 (range 0 to 28) days after ceMRI. Results of the electrophysiological evaluation were not known to those performing the MRI analysis and did not determine study eligibility. The stimulation protocol consisted of 3 extrastimuli at 2 different drive cycle lengths delivered from the right ventricular apex alone (ICD) or the right ventricular apex and outflow tract (electrophysiological study). Inducibility by electrophysiological evaluation was defined as the induction of sustained monomorphic ventricular tachycardia that lasted Ն30 seconds or required cardioversion for hemodynamic compromise.
Data Analysis
All MRI analyses were performed with DICOM (Digital Imaging and Communications in Medicine) images with a custom software package, CINEtool (GE Healthcare Technologies) and were performed by investigators blinded to the results of the electrophysiological evaluation. Cine images were used to measure LV ejection fraction, volumes, and mass by standard methods. 22 Late gadolinium-enhanced images were used for infarct characterization. The primary aim of the study was to explore the use of a marker that would quantify the heterogeneity of the SI differences within the hyperenhanced region ( Figures 1 and 2) . We prespecified the definitions of 2 SI thresholds that would distinguish the dense, infarct core from the heterogeneous infarct periphery and applied them to the study group. We used a simplified version of the recently described full-width half-maximum method 9 to define the infarct "core." After the endocardial and epicardial borders were traced by a trained observer, the myocardial segment containing the region of high SI myocardium was outlined, and the maximum SI within this region was determined. The infarct core was then defined as myocardium with SI Ͼ50% of the maximal SI. 9 A region of interest (ROI) was then placed by a trained observer in the remote myocardium in an area free of artifacts and with uniform myocardial suppression. 2, 9, 23 The peak, mean, and SD of the SI within the remote ROI were determined. 9 Tissue heterogeneity within the infarct periphery (or "gray zone") was defined as the myocardium with SIϾpeak remote SI but Ͻ50% of maximal SI of the high SI myocardium (Figures 1 and 2 ). For each patient, the hyperenhanced regions in each short-axis slice were planimetered, and the size was expressed as grams of myocardium. 9, 19 To evaluate for variations in the gray zone extent at 2 time points after contrast bolus, measurements were performed on a per-slice basis and reported as a cross-sectional area (mm 2 ). Interobserver variability was assessed by 2 independent observers using 40 cross-sectional slices and is also reported as a cross-sectional area (mm 2 ).
To thoroughly evaluate total infarct size by previously described definitions, the hyperenhanced region was characterized with different thresholds based on SI values within the remote region. 2, 7, 9, 23 Using the mean and SD of SI within the remote ROI, as described above, abnormally enhanced myocardium was first defined as high SI regions with SI 1 SD above the mean remote SI; the area of this region was then planimetered for all slices and expressed in grams of
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myocardium. This process was repeated for SI cutoff values of 2 to 6 SDs above the mean remote SI. The transmural extent of hyperenhancement was measured by standard techniques. 24 Each short-axis slice was segmented circumferentially into 12 wedges. For each segment, the transmural extent of total hyperenhancement was expressed as percentage of total segment area. For each patient, the percentage of segments with transmural extents of hyperenhancement within each quartile (0% to 25%; 26% to 50%; 51% to 75%; or Ͼ75%) was determined. 24 To describe regional perfusion in the gray zone, the wash-in characteristics of the gray zone, infarct core, and remote regions were assessed from first-pass perfusion images. Myocardial SI curves were generated in each ROI, as described previously. 25 ROIs were defined from the delayed enhancement images. With the image from the perfusion acquisition that best matched the slice location of the late gadolinium enhancement, the ROI was positioned in a similar location by a trained observer. SI was plotted against time with CINEtool. Figure 1 . Algorithm for determining the gray zone. Basal short-axis delayed enhanced magnetic resonance image (A) shows the inferolateral infarct as high SI and the normal myocardium as dark SI. To define the gray zone, the following algorithm was used: the endocardial and epicardial borders were drawn by a trained observer. The observer then planimetered an ROI in the remote, noninfarcted myocardium, and the upper limit of normal SI was defined as peak remote SI (peak remote SIϭ10 in the example shown). The myocardial segment containing the hyperenhanced region was loosely outlined. Using peak remote SI as the lower SI cutoff for abnormal myocardium, the actual region of abnormal late gadolinium enhancement (LGE) was determined by automatic thresholding (ie, any region with SI Ͼ peak remote SI is hyperenhanced). The SI profile (B) for this hyperenhanced region is displayed with SI value on the x-axis and number of pixels on the y-axis. The peak infarct (LGE) SI is displayed (peak LGE SIϭ56 in the example shown). The upper SI cutoff for the gray zone was calculated as 50% of peak LGE SI (0.5ϫ56ϭ28 in the example). The gray zone extent was automatically determined as the region (C, shown in yellow) with SI between peak remote SI and 50% of peak LGE SI (between 10 and 28 in the example). The core region (C, shown in red) is the area with SI Ͼ50% of peak SI.
Figure 2. Gray zone measurement. A,
Late gadolinium-enhanced short-axis magnetic resonance image of a patient with an anterior infarct. The peak SI within the remote, noninfarcted region was 9 in this example. Abnormal enhancement was defined as SI Ͼ9. The histogram of SI within the hyperenhanced region is displayed in B. Peak SI within the high SI region is 90 in this example. The upper threshold for gray zone extent is 50% of the peak SI (or 90ϫ0.50ϭ45 in this example). The gray zone (C, yellow area) is the region with SI between 9 and 45. The core region (C, red area) is the region with SI Ͼ45.
Statistical Analysis
Continuous variables are expressed as meanϮSD. Student t test (SPSS version 11.0, SPSS Inc, Chicago, Ill) was used to compare group differences in continuous variables according to inducibility status. For the SI curve analysis, repeated-measures ANOVA was used to test the hypothesis that SI over time varied among the 3 different ROIs. For noncontinuous variables, Fisher exact test or 2 for trends was used. Variables that could relate to inducibility status by univariate analysis were included in a stepwise logistic regression model to evaluate which were significant. Variables entered the model if PϽ0.05 and exited the model if PϾ0.1. To assess whether quantification of the gray zone varied with time from contrast bolus and between observers, Bland-Altman repeatability analysis was used. A 2-tail probability value Ͻ0.05 defined statistical significance.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Study Patients
Twenty patients (43%) had inducible sustained monomorphic ventricular tachycardia with cycle length 231Ϯ37 ms. Noninducible and inducible groups had similar baseline characteristics except for a larger proportion of whites in the inducible group (Table 1) .
MRI Indices and Inducibility
All patients had late gadolinium enhancement by ceMRI that supported the presence of prior MI. Global LV function, LV volumes, infarct location, and infarct transmurality were similar in both groups ( Table 2 ). On the basis of previously explored definitions of infarct size (ie, total hyperenhancement) and a cutoff of n SDs (n ranging from 1 to 6) above mean remote SI, no group differences were observed. The recently described criterion of between 2 and 3 SDs of mean remote SI to define the infarct periphery 2 did not distinguish the 2 groups.
Gray Zone Assessment
The primary end point of gray zone extent was strongly associated with inducibility (Pϭ0.015 by Student t test; Table 2 ). This association was confirmed by stepwise logistic regression modeling in which anatomic variables postulated to be relevant to inducibility (namely, gray zone extent, infarct location, core extent, LV ejection fraction, and LV end-diastolic volume) were included (model Pϭ0.02). Gray zone extent remained the only significant variable (Pϭ0.03). The extent of the infarct core region was not significantly different between groups (Pϭ0.95), and neither was the sum of the gray zone and infarct core (Pϭ0.17). For both groups (noninducible versus inducible), late gadolinium-enhanced images were acquired with similar inversion times (202Ϯ33 versus 194Ϯ28 ms, Pϭ0.39) and time from contrast bolus (23Ϯ9 versus 22Ϯ8 minutes, Pϭ0.53).
To determine whether the time of data acquisition after contrast administration affected gray zone assessment, we repeated imaging in 20 patients (average of 2 slices per patient) at 2 time points (20Ϯ6 and 30Ϯ7 minutes after gadolinium administration). The SI histograms were unchanged between these times, a period during which late gadolinium enhancement is typically performed clinically. Hence, the lower and upper SI thresholds used to define the gray zone at the 2 time points were similar (lower SI cutoff 11Ϯ3 versus 10Ϯ3, Pϭ0.10; upper SI cutoff 73Ϯ24 versus 71Ϯ21, Pϭ0.30). Bland-Altman analysis revealed close agreement of gray zone surface area quantification during the measured time interval, with bias of Ϫ1 mm 2 and coefficient of repeatability of 28 mm 2 (Figure 3 ). Given the time interval between the 2 sets of images, inversion times were adjusted to null normal myocardium, as is done clinically, and differed between the 2 acquisitions (193Ϯ12 versus 215Ϯ19 ms, PϽ0.001).
To evaluate interobserver variability, 2 independent observers assessed a subset of short-axis cross sections (nϭ40) for gray zone extent. Reproducibility was high by Bland-Altman analysis, with low bias of 2 mm 2 and coefficient of reproducibility of 16 mm 2 (Figure 4) . MVT indicates monomorphic ventricular tachycardia; CHF, congestive heart failure; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; EP, electrophysiology; and NIPS, noninvasive programmed electrical stimulation.
*When logistic regression was used to control for the method of electrophysiological evaluation, gray zone extent remained significant in predicting inducibility (Pϭ0.02).
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Wash-In Characteristics
The subset of patients with optimal first-pass perfusion image quality (nϭ8) had similar clinical characteristics (eg, age, time from MI, LV ejection fraction, and New York Heart Association congestive heart failure class) as the overall study population. The pooled SI curves over time in these 8 patients are shown in Figure 5 . Repeatedmeasures ANOVA showed a significant difference among the 3 myocardial SI patterns (PϽ0.001). By Bonferroni post hoc analysis, we determined that the difference was between the remote and infarct core (PϽ0.001) and the gray zone and core (PϽ0.001), with no difference between the remote and gray zones (PϭNS). Thus, early wash-in kinetics of the gray zone were not intermediate between the remote and infarcted regions but matched those of the remote region, and both were significantly more rapid than in the infarct core.
Discussion
The present study demonstrates that tissue heterogeneity is quantifiable in human infarcts by ceMRI and is associated with inducibility for monomorphic ventricular tachycardia by programmed electrical stimulation. By assessing SI distribution within the scar, we have focused on the region of intermediate-intensity contrast hyperenhancement, which is prominent at the periphery of the scar that we term the "gray zone." In this group of patients, all of whom had dilated LVs with significantly reduced ejection fractions associated with large, predominantly anterior, transmural infarctions, a larger extent of gray zone tissue correlates with an increased susceptibility to ventricular arrhythmias. Although ceMRI has been increasingly used to delineate infarcts, the tissue characterization potential of the technique has not been fully explored; image interpretation has generally been binary, with hyperenhancement signifying necrosis and lack of enhancement depicting viable myocardium. 7, 10 However, in experimentally induced MI, heterogeneity within the bright region suggests variable contrast enhancement 9 and perhaps variable tissue perfusion and viability. 26, 27 In such experiments, the infarct core is characterized by significantly brighter SI than the periphery, 9 consistent with increased gadolinium concentrations in the core. 26, 27 The periphery has SI intermediate between normal myocardium and the infarct core and exhibits faster contrast wash-out. 27 These SI differences across the infarct bed may explain the overestimation of infarct size found when a criterion of 2 SDs above mean remote is used. 9, 23 In fact, it was recently shown that pathological assessment of infarction was best approximated by the full-width half-maximum criterion of defining the infarct, 9 as was used to quantify the infarct core in A recent report in a relatively diverse group of patients with coronary artery disease highlighted the potential clinical significance of the peri-infarct zone as a marker of mortality. 2 The results of the present study support a potential pathophysiological explanation, namely, that larger regions of mixed tissue at the infarct border may provide the potential substrate for reentrant ventricular arrhythmias. In both studies, the definition of the periinfarct or gray zone was prespecified but differed. Both were based in part on previously described thresholds for defining abnormal hyperenhancement. 9, 23 Differing thresholds to define the peri-infarct border likely detect varying admixtures of nonviable and viable tissue. Our definition allowed the detection of regions in the periphery with sufficiently preserved microvascular perfusion (see discussion of contrast kinetics below). Specific definitions may depend on the relative mix of tissue detectable within the constraints of the particular MRI pulse-sequence parameters and across multiple MRI sites with larger numbers of patients. In addition, as noted by others, 2,28 future studies are needed to determine the optimal thresholds for predicting various clinical outcomes. Nonetheless, the importance of an index of tissue heterogeneity is supported.
Another recent study found a significant relationship between infarct surface area and total size with inducibility. 29 Tissue heterogeneity was not assessed in that study. Absolute SI (y-axis) in the remote, gray, and infarct core regions over time after contrast bolus from 8 patients. A significant difference exists among the 3 regions (ANOVA PϽ0.001). However, the difference is between the remote and core (PϽ0.001) and gray zone and core (PϽ0.001); the wash-in pattern for the remote and gray zone was not significantly different over this time frame (PϭNS).
The patient population and stimulation protocol differed as well. Because many of the patients in the present study were referred for ICD implantation on the basis of established primary prevention criteria, device-based programmed stimulation was often used instead of full electrophysiology studies (see Study Limitations). The present study group included only patients with prior infarction and LV dysfunction with no prior arrhythmic symptoms or indications for ICD other than risk stratification. All of the patients in the present study had evidence of late gadolinium enhancement, and ejection fractions were lower, particularly in the noninducible group. Hence, in a more uniform population with significant LV dysfunction, such as in the present study, total infarct size appears less well-associated with inducibility. In such a situation, quantification of the tissue mix in the infarct border may yield important information.
Two potential and interrelated categories of mechanisms exist to explain the intermediate SI of the infarct border zone: the partial volume effect and differences in contrast wash-in/wash-out kinetics. These mechanisms are discussed below.
Partial Volume Effect
Partial volume effect relates to the 3-dimensional spatial resolution of the image. If a given voxel at the infarct periphery contains an admixture of both infarcted (high SI) and noninfarcted (low SI) tissue, the 2 different SIs will be averaged, and this particular voxel will be represented by an intermediate SI (gray). However, this admixture of tissues causing intermediate SI can occur in 2 different ways. First, it could result merely from the volume-averaging effects of an area of uniformly fibrotic tissue (dense infarct scar) with an adjacent area of completely preserved, viable myocardium, particularly in situations in which spatial resolution is limited. 7, 28, 30 In this case, anatomically, there would be a single border between fibrotic scar and viable myocardium, and the limited spatial resolution would render an apparent intermediate SI in that border region. Certainly, partial volume effects because of this averaging effect of normal and necrotic tissue have been demonstrated by ceMRI in experimental animal studies 7, 28, 30 and are contributory. However, a second possibility is that intermediate SI arises from the intermingling of discrete areas of preserved myocardium with bundles of fibrotic, infarcted scar within the same voxel. In this case, there would be a more gradual anatomic transition from dense, infarct core to preserved tissue beyond the infarct periphery. The latter mechanism is supported by pathological data. 14, 31 The architecture of the infarct border zones can be heterogeneous and nonuniform, and in certain situations, it is the juxtaposition and intermingling of normal and infarcted tissue that likely serves as the substrate for reentrant arrhythmias. 14 -16 Because of the admixture of surviving muscle bundles with collagen in the infarct periphery, the volume of distribution for gadolinium may be significantly less than that in the infarct core, 26 which has densely packed collagen fibers.
Contrast Kinetics
Differences in wash-in and wash-out kinetics of gadolinium within the infarcted territory have been noted in ex vivo experimental models. 27 Although by late gadolinium enhancement imaging, the gray zone had intermediate SI between that of normal and infarcted regions, gray zone wash-in kinetics were identical to that of the normal, remote myocardium during the first minute after contrast bolus. This suggests sufficiently preserved capillary perfusion and/or density within the gray zone, which differs significantly from the core region. Subsequently, the SI of the gray zone becomes brighter than that of the remote region but not as high as that of the infarct core on delayed enhancement images up to 30 minutes after contrast bolus. Although contrast kinetics washout was not explicitly studied, the stability of the SI histograms and gray zone areas between 20 and 30 minutes after contrast bolus allows for reproducible quantification of the infarct interface (gray zone).
Study Limitations
Extrapolation of these findings to other patient populations with smaller infarcts or nonischemic myocardial injury may require alternate algorithms. In addition, the anatomic basis of these clinical observations and the relationship of the induced reentrant circuits to the MRI gray zone are currently not known. Insight into these questions may be obtained from integration of the magnetic resonance images with electroanatomic mapping in experimental models with histopathological correlation and in clinical studies.
The present electrophysiological evaluation has several limitations. Many of the patients in the present study had noninvasive programmed stimulation through the device at the time of implantation. Device-based testing can potentially underestimate the inducibility of the cohort, because programmed stimulation is performed from a single site. However, when logistic regression was used to control for the method of electrophysiological evaluation, the extent of gray zone remained significant (Pϭ0.02). Furthermore, the present findings relating larger gray zones to inducibility have been corroborated independently in a study in which all patients received conventional electrophysiological testing. 32 The use of inducibility of monomorphic ventricular tachycardia at electrophysiological study as the primary outcome differs from other studies and was used because it is a reliable marker of the presence of a substrate for ventricular tachycardia. Although larger peri-infarct regions were recently associated with a greater risk of all-cause mortality, 2 extrapolation of the present data for use in stratifying patients according to risk and predicting sudden cardiac death is currently limited. Further prospective investigation is required to determine whether or not the gray zone, alone or in combination with other high-risk parameters in a multivariate model, is associated with other end points suggestive of increased sudden cardiac death risk, such as appropriate ICD firings for malignant ventricular arrhythmias and overall mortality. This possi-
